Abstract
duodenal biopsies irrespective of whether they were from CeD, FDR or DC groups (Fig. 1a Analysis of similarities; Anosim test; R-statistic = 0.45, p = 0.001). Hence, further analyses were 1 4 0 carried out separately for faecal and duodenal samples in different groups.
4 1
Analysis of alpha diversity using Shannon index between the sampling sites suggested and low diversity communities in all groups (Fig. 1b) . To investigate if patients with CeD, FDRs or DC had site specific dissimilarities in 1 4 9 microbiota composition, we tested duodenal and faecal samples separately. Bray-Curtis distance have differences in microbial community, we performed PREMANOVA on ordination excluding file 2: Figure S1 ). These included four OTUs classified as Acinetobacter, of which two (OTU- Novosphingobium were differentiating genera in CeD. Canonical correspondence analysis (CCA) 1 6 0 constrained for diagnosis status revealed that the clustering of subjects was marginally different CCA analysis suggested no significant differences between faecal microbiota of FDRs, CeD and Alpha diversity measures were independently calculated for duodenal biopsies and faecal samples and compared between FDRs, CeD and controls ( Fig. 3a and 3b ). Pairwise comparisons of alpha diversity in duodenal biopsies between FDRs, CeD and controls suggested no 1 6 9 significant differences (Fig. 3a) . In faecal samples, pairwise comparison of alpha diversity adjusted p = 0.029) (Fig. 3b ).
7 2
Taxonomic differences in microbiota from duodenal biopsies of FDRs CeD, and controls:
At phylum level, there were no statistically significant differences in the major phyla (Proteobacteria, Firmicutes, Bacteroidetes and Verrucomicrobia) in the duodenal biopsies of
FDRs, CeD and controls (Additional file 3: Figure S2 ), however, inter-individual variation within the diagnosis groups was detected. At OTU level, after filtering out for low abundance OTUs (less than 5 counts in 50% of the samples in each group), CeD and FDR shared 124 shared by all three groups (Additional file 4: Figure S3 ). unclassified genus were differentially abundant in DC (Fig. 4a ).
9 1
Difference in OTUs between CeD and DC in the duodenal biopsies
Comparison of duodenal microbiota of CeD with that of the controls identified 106
differentially abundant OTUs associated with 22 genera. Amongst these, several OTUs from the 1 9 4
genera Acinetobacter, Lactobacillaceae, Corynebacter, and one OTU each for Prevoella and
Pseudomoans were abundant in CeD (Fig.4b ).
9 6
Difference in OTUs between FDRs and CeD in the duodenal biopsies
Comparison of FDR with CeD identified 41 OTUs belonging to 12 genera that were 1 9 8
significantly different (Fig.4c) . These included OTUs classified as genus Streptococcus,
Stenotrophomonas, Acinetobacter, Mogibacterium, Enterococcaceae, Atopobium, unclassified OTUs and a total of 110 were shared by all three groups (Additional file 6: Figure S5 ). in FDR (Fig. 5a ). unclassified Ruminococcaceae were abundant in FDR (Fig. 5c ). In addition to differentially abundant microbial taxa, different study groups might have 2 3 6 altered microbial community functions by enriching or depleting taxa that encode specific 2 3 7 metabolic modules. Of specific interest were the enzymes related to peptidases as they play a Pseudomonas were also correlated to the enrichment of peptidases in the total community ( Fig CeD as compared to controls (Fig. 7a, b, c Table S2 ). Higher proportions of beta-N-acetylhexosaminidase enzymes might cause or be the
reflection of a weak mucosal barrier and indicate an enriched, mucolytic bacterial population. The aim of the present study was to investigate differences in the duodenal and faecal microbiota of FDRs compared to CeD and controls. The FDR group was included for two main reasons: 1)
They represent a population which is genetically-susceptible to develop CeD; 2) They provide a may be involved in the protection against developing CeD. We collected both duodenal biopsies
and faecal samples to investigate both local and overall changes in the microbiota in FDR,
patients with CeD and controls.
The differences in microbial diversity and community structure between the small faecal samples were significant. To the best of our knowledge, reports on site specific microbiota 2 6 5 patterns in patients with CeD remain scarce, and no results on both site specific and whole gut 2 6 6 microbiome on FDRs have been reported to date. Present study provides an overall view on 2 6 7 1 3 differences of both site-specific changes as well as changes in the faecal microbiota of FDRs,
CeD and DC.
6 9
The duodenal microbial community structure of FDR is more similar to CeD than that of
DC. In addition, both FDR and CeD individuals have high abundances of Acinetobacter and
Pseudomonas. In addition, inferred genus-function relationship demonstrated these two genera to
contribute to increased peptidases in the duodenal microbial community. Both Acinetobacter and
Pseudomonas include opportunistic pathogenic species that are linked to inflammation (39,40).
Pseudomonas is reported to be higher in children with CeD (41). On the other hand, the duodenal
biopsies of FDR showed lower numbers of OTUs of Lactobacillus compared to DC and CeD. In a previous study, higher abundance of Lactobacilus was observed with higher glutenase activitiy present study may indicate their reduced ability to breakdown gluten into pro-inflammatory
peptides in their small intestine. This is also supported to some extent by the observation of FDR and DC ( Fig. 4b and c) . However, in the comparison between DC and FDR, abundance of
Corynebacterium was not detected to be differentially abundant (Fig. 4a) . Previously, the genus
Corynebacterium was reported to be present in high abundance in infants with higher risks for duodenal microbiota differs in the bacterial composition and that loss or gain of specific bacteria 2 9 6 capable of creating immunogenic or non-immunogenic gliadin peptides may be crucial.
Recently, a serine endopeptidase, subtilisin a novel class of gluten-degrading enzyme
belonging to the S8 family of peptidases has been described. This enzyme is able to cleave and
abolish gluten immunogenic epitopes (45). In this study, the gene proportion for this enzyme was
found to be depleted in FDR as compared to the control. Moreover, genes coding for Xaa-Pro of FDR might be different from that of CeD and DC in the way gluten is metabolized.
In the faecal samples, the alpha diversity indices of FDR and DC were more similar to invasion of pro-inflammatory bacteria in FDRs.
In contrast to observations of duodenal biopsies, both FDR and CeD had lower generated immunogenic peptides that increased inflammatory cytokine production and showed need for investigating the role higher abundance of specific Bacteroides fragilis strains in CeD. The FDR and DC do not show differences in abundance of many known and predicted
butyrate, acetate and propionate producing bacteria from family Ruminococcaceae and
Lachnospiraceae. However, CeD fecal microbiota has significantly low abundance of these 3 2 7
compared to DC group. Reduction in butyrate producing bacteria was previously reported in
inflammatory bowel disease (49).
2 9
This present study was conducted to investigate if the duodenal and faecal microbiota of have different abilities to breakdown gluten as well as some with ability to produce butyrate. We used 16S rRNA gene sequencing which gives sufficient power to obtain the 3 3 6 microbial community profile (50). To investigate potential functions (specifically those related to 3 3 7
gluten metabolism), we use predictive metagenomics (38). Our observations from beta diversity 3 3 8
(Additional file 1: Figure S1 ) and differential abundance (Figure 4 and 5) suggests variation at 3 3 9
taxonomic levels lower than genus. These potential strain level variations and functional aspects 3 4 0 using metagenomics and functional omics need to be investigated in follow-up studies. However, as diet, body mass index age, sex, frequency and quantity of gluten intake among others will be
required for a better understanding the gut microbiome in CeD and FDRs. Nonetheless, the study In summary, present study highlights the specific differences in the microbiota of FDR CeD: Celiac disease, DC: Diseased controls (dyspeptic), FDR: First degree relatives. OTU:
Operational taxonomic unit, PERMANOVA: Permutational multivariate analysis of variance, Invasibility. Oikos. 1999;87:15. Lactobacillus group and loss of butyrate-producing bacteria in inflammatory bowel Community Surveys. mSystems. 2015;1:e0009-15. diversity measures between sampling sites (Wilcoxon test was used for pairwise comparisons). Faecal samples. Wilcoxon test was used for statistical comparison. CeD vs DC c. Differential abundance CeD vs FDR. Only genera with significant differences (P < 5 3 8
0.01) in log2 fold change are depicted. contribution of Acinetobacter and Pseudomonas to peptidase abundances in the total community. group while bottom half (lavender) are OTUs characteristics of FDR group. Additional file, Figure S2 : Comparison of top four bacterial phyla in duodenal biopsy.
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Wilcoxon test was used for statistical comparison. FDR, CeD and DC. 
